ABSTRACT-The purpose of this investigation was to determine if neurally induced vasodilatation is mediated by nitric oxide (NO) in monkey mesenteric veins. Helical strips of the monkey mesenteric vein were exposed to the bathing media for isometric tension recording, and perivascular nerves were stimulated by nicotine. Nicotine produced a contraction, which was potentiated by treatment with NG-nitro-L-arginine, a NO synthase inhibitor, the effect being reversed by L-arginine. The nicotine-induced contraction was reversed to a relaxation by prazosin. The relaxation was abolished by the NO synthase inhibitor, and it was restored by L-arginine. D-Enantiomers were without effect. The response was not influenced by timolol and indomethacin, but was abolished by hexamethonium and oxyhemoglobin. There were perivascular nerve fibers containing NO synthase immunoreactivity in the monkey vein. Neurally induced venous relaxations appear to be mediated by NO from perivascular nerves, as seen in dog and monkey mesenteric arteries. It is concluded that monkey mesenteric veins are innervated by nitroxidergic and adrenergic nerves, which may balance the vascular tone.
Autonomic nerves are important regulators of the vas cular smooth muscle tone. Although sympathetic nervy is widely recognized to be a major factor in controllinj vascular resistance and capacitance, the role of other nerves has not been sufficiently evaluated. Recently, non adrenergic, non-cholinergic perivascular nerve was fount to dilate vasculature by a mediation of nitric oxide (NO (1-5). However, this information is limited only to arter ies from a variety of mammals. Whether an endogenou NO derived from nerves plays a role in the control o venous tone has not been determined.
There are species variations in the vascular response t( nerve stimulation and chemicals (6-9). Our accumulate( data indicate that the responsiveness is similar in humai and monkey blood vessels (10-14); thus, the findings of monkey tissues are expected to be quite useful for extra polation to humans.
The present study was performed to elucidate the auto nomic nerves innervating the monkey mesenteric vein tha are involved not only in contractions but also relaxation and to clarify the mechanism of neurally induce( responses. In order to stimulate perivascular nerves, wi have used nicotine, which shares pharmacological and biochemical actions with electrical nerve stimulation, except for the fact that the response to electrical stimulation is abolished by tetrodotoxin but not by ganglionic blocking agents, and the opposite is true with the response to nicotine (15) (16) (17) . The data obtained from the veins were also compared with those from monkey mesenteric arteries, which were reported in our earlier paper (18).
Japanese monkeys (Macaca fuscata) of either sex, weighing 6 to 10 kg, were anesthetized by intramuscular injections of ketamine (40 mg/kg) and sodium thiopental (20 mg/kg) and sacrificed by bleeding from the carotid arteries. Distal portions of the mesenteric vein were isolated and cut into approximately 15-mm-long helical strips. The specimens were vertically fixed between hooks in a muscle bath (20 ml) containing a modified RingerLocke solution which was maintained at 37±0.3 C and aerated with a mixture of 95010 02 and 5010 CO2. The hook anchoring the upper end of the strips was connected to the lever of a force-displacement transducer. The resting tension was adjusted to 0.7 g, which is optimal for producing the maximal contraction. The composition of the solution was as follows: 120 mM NaCI, 5.4 mM KCI, 2.2 mM CaC12, 1.0 MM MgC12, 25.0 mM NaHCO3 and 5.6 mM dextrose. The pH of the solution was 7.37 to 7.43. Before the start of the experiments, all of the strips were allowed to equilibrate for 60 to 90 min in the bathing media, during which time the fluid was repeatedly replaced every 10 to 15 min.
Isometric mechanical responses were displayed on an ink-writing oscillograph. The contractile response to 5 mM Ba2+ was first obtained, and the venous strips were repeatedly washed with fresh media and equilibrated (19). The Ba2+-induced contraction was taken as a standard for the contraction caused by agonists and electrical stimulation.
To obtain a concentration-contraction relationship, nicotine or norepinephrine was added cumulatively to the bathing media under resting conditions. For the relaxation study, the strips were partially contracted with prostaglandin (PG) F2C,, the contraction being in a range between 30% and 42% of the contraction induced by 5 mM Ba2+. Nicotine and NO in single concentrations were successively applied, unless otherwise mentioned. At the end of each series of experiments, papaverine (10-4 M) was applied to attain the maximal relaxation, which was considered to be 100% relaxation. Venous strips were treated for 15 to 20 min with blocking agents, before the effects of agonists were obtained. In 6 strips from separate monkeys, the endothelium was removed by gently rubbing the intimal surface with a cotton ball. Removal of the endothelium was verified by abolition of relaxations caused by the Ca 21 ionophore A23187 (10-7 M). Responses to nicotine were compared in the venous strips with and without the endothelium, obtained from the same monkeys.
Details of the procedure for immunohistochemical study were described in an earlier report (20) . Briefly, the mesenteric vein was rapidly removed and fixed in ice-cold 0.1 M phosphate-buffered saline (PBS, pH 7.4) containing glutaraldehyde and paraformaldehyde, then postfixed overnight in PBS with paraformaldehyde followed by cryoprotection in sucrose. Free-floating thick sections were then cut by a cryotome. These sections (20 im thick) were kept with 0.1 M PBS, containing 0.3% Triton X-100 at 4 C for 4 days. The specimens were exposed to affinity purified rabbit antiserum against rat cerebellum NO synthase (21, 22) (1:300) in PBS with Triton X-100 for 4 days. Subsequently, biotinylated goat anti-rabbit immunoglobulin G antibody and avidin-biotinylated peroxidase complex (Vector Laboratories, Inc., Birlingame, CA, USA) were conjugated to the primary antibody at room temperature. Immunolabeled peroxidase was visualized by incubation with 0.56 mM 3,3'-diaminobenzidine tetrahydrochloride (Dojindo Laboratories, Kumamoto), 1.3 yM hydrogen peroxide and 10 mM nickel ammonium sulfate. After several washes, the sections were air-dried and cover-slipped with Entellan (Merck, Darmstadt, Germany). The antiserum used in the present study was already revealed to show immunoreactivity for NO synthase in perivascular nerves of rat cerebral artery (22) I-unctiona[ study The addition of nicotine (10-5 to 10-3 M) produced a dose-dependent contraction in monkey mesenteric venous strips with and without endothelium. However, the doseresponse relationship was not reproducible possibly due to tachyphylaxis. In order to avoid tachyphylaxis, one of the concentrations was applied in each series. The response to 10-4 M nicotine was consistent and reproducible; therefore, this concentration was used to analyze the mechanism of action in the remainder of this study.
Eleven strips from separate monkeys responded to 10-4 M nicotine with a contraction (163±46 mg), which was 38.3±6.6% of the Ba2+ (5 mM)-induced contraction. Hexamethonium (10-5 M) abolished the response. The nicotine-induced contraction was potentiated by treatment with L-NA (10-6 and 10-5 M) in a concentration-related manner (Fig. 1) The relaxant response to nicotine of venous strips treated with prazosin was abolished by treatment with L-NA (10-6 M); L-arginine (3 x 10-4 M) but not D-arginine restored the response (Fig. 4) . D-NA (10-6 M) was without effect. Exogenously applied NO (10-' to 10-'M) produced a relaxation that was not influenced by L-NA. The results are quantitatively compared in Fig. 5 . The effect of D-NA on the response to NO was not examined. The relaxations induced by nicotine and NO were abolished by treatment with oxyhemoglobin (10-'M, n=4). Deendothelialized venous strips (n=4) treated with prazosin also responded to nicotine with a relaxation (14.5±2.8(Io), which was abolished by L-NA.
Norepinephrine (10-' to 10-'M) produced a concentration-related contraction of venous strips (apparent median effective concentration: [9.1 ± 1.0] x 10-' M, n=9), which was not influenced by treatment with L-NA (10-6 and 10-5 M) (Fig. 6) . 
Histological study
Immunohistochemical study with NO synthase antiserum demonstrated the presence of many nerve fibers containing immunoreactivity in the monkey mesenteric venous wall (Fig. 7) .
Monkey mesenteric venous strips responded to nicotine with a contraction, which was abolished by treatment with prazosin, suggesting the involvement of a,-adrenoceptors.
The contraction was also abolished by hexamethonium, a nicotinic receptor antagonist. Nicotine reportedly shares the action of releasing neurotransmitter with electrical nerve stimulation (17, 25, 26) . The nicotine-induced contraction was potentiated by L-NA in a dose-dependent manner but not by D-NA, the effect being reversed by L-, but not n-, arginine. L-NA did not contract the strips, as it has been seen in dog mesenteric arterial strips (27) , and removal of the endothelium did not inhibit the potentiating effect of L-NA on the response to nicotine. Therefore, the L-NA-induced potentiation does not seem to be associated with a suppression of basal release of NO from the endothelium. L-NA did not augment the contraction caused by exogenous norepinephrine in the venous strips as well as in dog mesenteric and superficial temporal arteries (28, 29) . The 3H-overflow evoked by electrical nerve stimulation in superfused dog mesenteric and temporal arteries that had previously been soaked for 60 min in 3H-norepinephrine was not increased by L-NA (28, 29) nor decreased by EDRF (30). It appears that NO synthase inhibition potentiates the neurogenic contraction in the venous strip by mechanisms distinct from those such as increased responsiveness t norepinephrine or facilitated release of the neurogen: amine.
The nicotine-induced contraction was reversed to relaxation by a-adrenoceptor blockade in the venot strips when contracted with PGF2a. The relaxations wei not influenced by timolol nor indomethacin, suggestin that norepinephrine and vasodilator PGs were not it volved in the responses as seen in dog coronary artery (F and dog temporal artery (31), respectively. L-N, abolished the relaxation, which was restored by L-arg nine. The D-enantiomers had no effect. The NO-induce relaxation was not reduced by L-NA. Oxyhemoglobin, NO scavenger (23), abolished the relaxant responses t nicotine and NO. The histochemical study demonstrate the presence of perivascular nerve fibers containing N1 synthase immunoreactivity in mesenteric veins, which also observed in other monkey blood vessels (32). The,, findings, together with those from our previous studies o dog and monkey cerebral, mesenteric and temporal arte: ies (1-3, 19, 28, 33, 34) , strongly suggest that NO med ates the transfer of vasodilator information to smoot muscle as a neurotransmitter.
Thus, we speculate th, monkey mesenteric veins are innervated by nitroxiderg: vasodilator and adrenergic vasoconstrictor nerves, as ai dog and monkey arteries, and an elimination of th vasodilator nerve function by NO synthase inhibitor renders the vasoconstrictor influence more dominant.
In monkey mesenteric arteries treated with a-adren( ceptor antagonists, we also demonstrated nitroxiderg: nerve function, which was evaluated with responses t nerve stimulation by electrical pulses and nicotine (18 Nicotine in the same concentration (10-4 M) produced greater relaxation in the arteries than in the veins used i the present study (27010 vs 15010); the relaxation induce by 10-7 M NO was also greater in the arteries (5901o , 32010). Therefore, the different effect of nicotine seem to be due to the difference in the ability of NO to rela smooth muscle rather than the different degree of nerN function. Less responsiveness to NO of venous smoot muscle than arterial muscle does not contradict our con mon knowledge concerning nitrovasodilators which dilal veins predominantly over arterioles (35), since th arterial response to nitroglycerin is more marked than th response of small arteries and arterioles (36) (37) (38) .
In summary, monkey mesenteric veins are innervate by nitroxidergic and adrenergic nerves, which are expec ed to reciprocally function in regulating the venous mu cle tone. Increased responses to adrenergic nerve stimuli tion following NO synthase inhibition would therefore 1: derived from impaired functioning of nitroxidergic nerv( Nitroxidergic nerve function appears to be less in the vei than in the artery.
